INTRODUCTION
Since its publication, the fluid mosaic model by Singer and Nicholson (1972) has set the framework for the interpretation of lateral diffusion on cell membranes. The mobility of lipids and proteins has been found to be a major principle controlling the structure and function of biomembranes (for reviews see Edidin, 1992; Zhang et al., 1993) , such as large-scale aggregation (Gross and Webb, 1986 ) and diffusion-controlled biomolecular reactions (Peters, 1988) . Because of its enormous structural and functional importance, the mobility of lipids and membrane-bound proteins embedded in model systems and cell membranes has been extensively studied experimentally (Gross and Webb, 1986; Edidin et al., 1991; Kusumi et al., 1993) and theoretically (Saffman and Delbruck, 1975; Saxton, 1993) . Experimentally, the technique of fluorescence recovery after photobleaching (FRAP) has been commonly employed (Axelrod et al., 1976; Sheetz et al., 1980; Tamm, 1988; Tocanne, 1992 ; Kubitschek et al., 1994) . In FRAP experiments, fluorescence-marked molecules are irreversibly photobleached by a short, intense laser flash focused to a micrometer size, and subsequently the recovery of the fluorescence signal due to diffusion of unbleached molecules into the bleached area is detected. The data are generally analyzed according to Brownian motion, yielding a value for the ensembleaveraged lateral diffusion constant. For most systems, an incomplete recovery of 70-95% (Tamm, 1988; Huang et al., 1992; Kalb et al., 1992 ; Kubitschek et al., 1994) has been observed and interpreted with a two-component model including a mobile and an immobile fraction of the species studied.
Complementary to FRAP, single-particle tracking (SPT) experiments have been developed that allow for observation of individual proteins (Ghosh and Webb, 1994 ; Anderson et al., 1992) or lipids (Lee et al., 1991) in biological membranes. In SPT, molecules are linked to either a highly fluorescent particle (Ghosh and Webb, 1994) or a nanometer-sized gold probe (Geerts et al., 1987) , and the trajectory of the molecule is directly visualized by a video-enhanced imaging system. Very recently, several groups have succeeded in pushing the label size to the ultimate limit: a single fluorophore (Funatsu et al., 1995; Sase et al., 1995; Schmidt et al., 1996) . The latter experiments have revealed local inhomogeneities and diffusion constants in supported phospholipid membranes on the basis of trajectories of individual fluorescence-labeled lipids.
Until now, most data obtained from SPT and singlemolecule imaging experiments were analyzed in terms of mean square displacements (Gross and Webb, 1986; Anderson et al., 1992; Kusumi et al., 1993; Schmidt et al., 1995) . However, tracking data give access not only to the mean, but to the full probability distribution of square displacements. A more detailed analysis would greatly increase the information of mobility studies, providing better insight into recent models of mobility in membranes. These models introduce more complex behaviors, including directional flow, lateral heterogeneities, and lateral constraints for diffusion (Edidin et al., 1991; Sako and Kusumi, 1995; Feder et al., 1996 ; for a review see Jacobson et al., 1995) ; new SPT algorithms were introduced to differentiate between them (Kusumi et al., 1993; Quian et al., 1991; Saxton, 1993 Saxton, , 1994 Simson et al., 1995) . In particular, the nanometerscale precision of SPT experiments (Gelles et al., 1998; Kusumi et al., 1993) and a precision of tens of nanometers of single-molecule experiments (Schmidt et al., 1995) give these techniques the potential to be used to study inhomogeneities and lateral confinements for diffusion on a subwavelength scale.
We present here a different approach to analyzing the mobilities of individual molecules based on the probability distribution of individual displacements and apply this analysis to studies of the mobility of lipids in phospholipid membranes. Data were obtained from trajectories of individual lipids, each labeled by a single fluorophore, embedded in two different membranes: a fluid supported phospholipid membrane resembling free diffusional motion, and a solid polymer-stabilized phospholipid monolayer (Kowack and Helm, 1995) showing constrained diffusion. The high positional accuracy of -50 nm and the high temporal resolution of 3.2 ms of our setup for single-molecule imaging make it possible to study mobilities on a subwavelength scale using a conventional optical system (Schmidt et al., 1995) . In both membranes, a biphasic behavior of the diffusion is observed. Unrestricted diffusion with a diffusion constant of 4.4 jAm2/s for a fast and 0.07 Arm2/s for a slow mobility component is found in the fluid system. In addition, lateral constraints, typically 130 nm in size, were found at time scales below 100ms. The solid system exhibits restricted diffusion, with a characteristic corral size of 140 nm.
MATERIALS AND METHODS Sample preparation

Supported phospholipid membranes
Supported phospholipid membranes of l-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholin (POPC) (Avanti Polar Lipids, Alabaster, AL) were deposited on glass substrates by the Langmuir-Blodgett technique. Lipids were spread from chloroform at the air/buffer(100mM NaCl, 10 mM NaH2PO4, pH 7.5) interface in a monolayer trough (Mayer Feintechnik, Gottingen, Germany) at room temperature. First a POPC monolayer was transferred vertically from the air/buffer interface onto a clean glass slide at a constant surface pressure of 32 mN/m. Subsequently, the monolayer-coated substrate was horizontally brought into contact with the second monolayer compressed to 32 mN/m, containing POPC and small amounts(10-9 mol/mol) of N-(6-tetramethylrhodaminethiocarbamoyl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine, (Tamm, 1988) .
Polymer-stabilized phospholipid monolayers
Polymer-stabilized monolayers were obtained by deposition of a monolayer of 1 ,2-dimyristoyl-sn-glycero-3-phosphocholin (DMPC) (Sigma, Vienna, Austria), compressed to 32 mN/m, onto glass substrates. Subsequently, the hydrophobic substrate was brought into contact with a poly(methacrylate) (PMA) monolayer spread and compressed to 20 mN/m (the PMA was a kind gift of C. Helm, University of Mainz, Mainz, Germany). The latter contained 5% (w/w) POPC with small amounts of TRITC-DHPE (6 X 10-7 mol/(mol POPC)). The surface density of fluorescence-labeled lipid was less than 0.01 tmM-2. The PMA used had been derivatized with a hydrophilic and a hydrophobic substituent (Kowack and Helm, 1995) . No large-scale lateral diffusion of the labeled molecules has been observed for the conditions employed (Kowack and Helm, 1995) .
Apparatus and data acquisition
The apparatus, data acquisition, and automatic data analysis system were used as previously described in detail (Schmidt et al., 1995) . In brief, samples were illuminated by 528-nm circular polarized light from an Ar+ laser (C306; Coherent, Santa Clara, CA) using a IOOX objective (PlanNeofluar, NA 1.3; Zeiss, Oberkochen, Germany) in an epifluorescence microscope (Axiovert 135TV; Zeiss). For experiments on the POPC membrane, illumination times were set to 5 ms and the illumination intensity to 25 ± 6 kW/cm2. Experiments on the polymer-stabilized monolayers were performed with an illumination time of 1 ms and an illumination intensity of 50 ± 12 kW/cm2. Rayleigh and Raman scattered light was effectively blocked by appropriate filter combinations (515DRLPEXT02 dichroic, 570DF70 block, Omega, Brattleboro, VT; OG550 low-pass, Schott, Mainz, Germany). Images were obtained by a liquid-nitrogen-cooled slow-scan CCD camera system (AT200, Photometrix, Tucson, AR, equipped with a TK512CB-chip, Tektronix) and stored on a PC. The delay between two consecutive observations was set to 15, 35, 75, and 155 ms for POPC membranes, and to 2.2 ms for the polymer-stabilized monolayers, respectively. The reduction of the illumination time for experiments on the PMA-stabilized monolayers allowed us to observe longer trajectories of individual molecules before photobleaching occurred. Up to 12 and 42 consecutive observations were obtained for the two systems, respectively. After 42 exposures the PMA-stabilized membranes were laterally shifted by 10 ,um with a motorized scanning stage, with a step size of 250 nm (SMS-3; OWIS, Staufen, Germany). In this way, data from multiple sample positions were collected. An automatic analysis program (Schmidt et al., 1995) determined the position of each fluorescence-labeled molecule with an accuracy of 54 nm by fitting the single-molecule fluorescence image to a two-dimensional Gaussian surface. The photon counts were determined to a precision of 20% (Schmidt et al., 1996) . A Vogel algorithm was used to correlate the images of identical molecules in subsequent observations, from which the respective single molecule trajectories were reconstructed (Schmidt et al., 1995) .
Positional accuracy
The ratio of the fluorescence signal F to the background noise OB (= 6 counts) (Schmidt et al., 1996) determines the positional accuracy of the apparatus, o°r (Bobroff, 1986) . orr is defined as the standard deviation of the detected position r from the true position. To quantify the positional accuracy, Monte Carlo experiments using the program MATLAB (MathWorks, Natick, MA) were performed. Images were generated from an immobile point source, randomly emitting 150 photons within 5 ms. The probability of detection of a photon in a particular pixel was given by a two-dimensional Gaussian distribution with a width of 1.6 pixels (fullwidth at half-maximum), specifying the point-spread function of the microscope. Background noise (crB = 6 counts) was added to the image. In this way, 1000 images were generated with random variation of the position of the point source with regard to the pixel array. These images were subsequently analyzed by using the automatic detection and analysis program, yielding a mean positional deviation of crr = 54 nm in each dimension. The value of at in two dimensions leads to an uncertainty in the determination of displacements of o2r= 108 nm.
Experiments on immobilized, highly fluorescent latex beads (30 nm, L-5271; Molecular Probes, Eugene, OR) performed on a time scale of 100 s yielded positional deviations of 16 nm. The decreased uncertainty is accounted for by the increased signal-to-background ratio obtained in bead compared to single fluorophore experiments (Bobroff, 1986; Gelles et al., 1988) . The bead experiments further demonstrate that systematic drifts or positional instabilities of our apparatus are much smaller than o-( on the time scale of the experiments.
ANALYSIS OF SINGLE-MOLECULE TRAJECTORIES
The lateral diffusional motion of a particle in a medium characterized by a diffusion constant D is described by Fick's second law:
with the two-dimensional Laplacian operator, V2. p(-r, t) dr describes the probability that a particle will be detected within the area [r, r + dr] at a time t. For a particle that starts at the origin at time 0, the solution of Eq. 1 in r2 yields
( 2) with r2(t) = 4Dt (Anderson et al., 1992; Almeida and Vaz, 1995) . By integration, the distribution function for the square displacements r2 is calculated:
RESULTS AND DISCUSSION Single-molecule photon count distributions The fluorescence photon count distributions of individually observed fluorophores are shown in the form of probability density functions in Fig. 1 It should be noted that the mean fluorescence photon counts of fluorophores embedded in the polymer/lipid matrix are shifted slightly toward higher values, although the excitation energy (illumination intensity times illumination P(r2, t) = p(p2, t)dp2 = 1-exp (-_2) o~~~~~~~~~~- 
P(r2, t) is the probability that a particle starting at the origin will be found within a circle of radius r at time t. This distribution function, which is used for the analysis of our single-molecule trajectories, is different from that of previous studies based on analysis of the mean square displacements (Geerts et al., 1987; Lee et al., 1991; Kusumi et al., 1993; Schmidt et al., 1995) . The new type of analysis makes it possible to study multicomponent mobilities, as will become evident in the Results.
For each trajectory, a set of values for the square displacements, r2, between two observations separated by the time lag tlag is obtained:
F2(tlag) = (r(t + tlag)-
The time lag for our experimental conditions is given by time) was a factor of 2 less in the latter system. We attribute the increase to an increase in the fluorescence quantum yield, which strongly depends on the environment. It was reported that the fluorescence quantum yield of tetramethylrhodamine, which is 0.26 in ethanol, drops to 0.15 in water (Soper et al., 1993 Fig. 2 (Fig. 3 C) (Tamm, 1988) . The second, slow-momxpernments system ch alsoreectsoresus c o banedt i bility component with a fraction of 25 ± 6%, constant with eexpobseriment whichaisecond com pintrente has al-time lag (Fig. 3 B) , also showed a linear increase in the zeen observed, which is commonly interpreted as an 'ile fraction. For the two-component model Eq. 3 is square displacements for tlag> 100 ms (Fig. 3 D) . A linear fit yielded D2 = 0.072 ± 0.002 tm2/S.
We interpret the second, slowly mobile component as the analog of the immobile fraction observed in FRAP experiments. In the latter experiments, immobile fractions of -25% have been observed (Tamm, 1988; Huang et al., 1992 (Tamm, 1988 (r22 = 0.030 ± 0.006 im2). This value is above the mini- AM2. We interpret this constant value to be caused by lateral restrictions of the mobility in the range of 100 nm. Monte Carlo simulations for lateral diffusion restricted to square corrals were performed (not shown), yielding a monoexponential increase in P(r2, t) on r2 according to Eq. 3. In contrast to free Brownian motion, r2(tlag) converges to R2 for large tlag, where R is the typical size of the corral (Saxton, 1993) . Taking into account the minimum square displacement given by the signal-to-noise ratio of 1082 2 nm , the constant value for tlag < 100 ms reflects restrictions for lateral diffusion of V3.0 X 104-1082 nm2 130 nm. Monte Carlo simulations further show that a fast increase in r2 should be observed (see also Saxton, 1993) .
To resolve the initial increase, however, a time resolution of <2 ms would be required, which cannot be accomplished by our experimental setup at present. The region of the transition between confined diffusion and slow, unrestricted diffusion at -100 ms is characterized by small systematic deviations in the biexponential fit from the data (not shown (Kowack and Helm, 1995) that showed no lateral mobility on length scales larger than 10 ,tm. When polarized light was used in these experiments, however, strong evidence for the rotational mobility of the fluorophores was found (C. A. Helm, personal communication). It was suggested that lateral mobility on length scales smaller than 10 ,um should be observable. The lipid phase is expected to be incorporated into voids of the polymer matrix, which forms restrictions or corrals for the lateral mobility of the phospholipids. In the following, experimental evidence for this model and an estimation for the average corral size are given. brane, all data follow a biexponential increase according to Eq. 5, which is indicative of a two-component system. For the data shown in Fig. 5 A, the least-squares fit yielded rI = 3.7 X 104 nm2, r22 = 9.5 X 103 nm2, and a = 0.39. All data sets between tlag = 3.2 and 44.8 ms were fit accordingly. No variation of the fit parameter a, r1, and r2 was detected over the entire range of tlag (Fig. 5, B-D 
CONCLUSIONS
We have presented an alternative method for analyzing SPT and single-molecule tracking data based on the construction of the probability distribution of the square displacements.
The main advantage of the described methodology is its ability to access parameters such as individual diffusion constants and fractions of multiple-component samples, which are inaccessible in standard ensemble averaging studies. Although our data analysis still relies on ensemble averaging, it has the capability of discerning between at least two classes of mobility. In principle, data on individual molecules would permit analysis of single trajectories. However, as has been pointed out by various authors (Saxton, 1995; Simson et al., 1995) , such diffusion analysis using individual trajectories of relatively small length is not straightforward. It will be a challenging task for the future to develop an appropriate methodology for the analysis of such individual trajectories. Analysis of single-molecule trajectories in two systems, a supported phospholipid membrane in the fluid state and a polymer-stabilized phospholipid monolayer, clearly revealed deviations from free Brownian motion on a lateral scale of 100 nm. The two components of the phospholipid membrane are identified with the mobile and immobile fraction commonly found in FRAP experiments. These examples demonstrate that probability distribution analysis, in combination with ultrasensitive single-molecule imaging techniques, might have the potential to reveal details of lateral mobility in biological membranes. In particular, the high lateral accuracy of these methods provides an alternative tool for the study of dynamics and lateral organization on the plasma membrane, with the ability to test different models.
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